. Biochemical activities of PI 3-kinases.
Small GTPases
Proteins that hydrolyse GTP to GDP, called GTPases or G proteins, use this hydrolysis to serve a multitude of functions in the eukaryotic cells, such as actin dynamics, vesicle trafficking, phagocytosis, cell growth and cell differentiation. The Ras superfamily of small GTPases consists of several subfamilies, including the Rab, Rho, ADP-ribosylation factor (Arf), Ran, and Ras families (Sprang, 1997) . Small GTPases function as molecular switches that cycle between an inactive guanosine dihosphate (GDP-bound state) and an active GTPbound state. In the active GTP-bound conformation, each small GTPase binds to a subset of downstream effectors, which in turn activate downstream proteins to generate the appropriate outcome. This cycle is facilitated by two classes of regulatory proteins: GAPs and GEFs. GAPs turn the GTPase 'off' by accelerating the intrinsic rate of GTP hydrolysis, resulting in the formation of GDP and phosphate. By contrast, GEFs turn the switch 'on' by facilitating the dissociation of GDP and allowing the more abundant GTP to bind.
Src family
The regulation and activity of Src family kinases (SFKs) in response to external and internal cues is important during many cellular processes including cell adhesion, migration, polarity, and division (Bromann et al., 2004) . SFKs are membrane-associated enzymes that can recognize and bind their specific substrates and transfer a phosphate group onto a target protein's tyrosine residues. SKFs are regulated themselves by tyrosine phosphorylation, which controls intramolecular interactions within the molecule that fix the kinase in an inactive closed conformation, or allow the kinase to adopt an active conformation.
SFKs also activate the cytoplasmic domain of tyrosine-based immunoreceptors (Fc receptors and complement receptor 3) once the extracellular domain binds opsonins, such as immunoglobulins G (IgG).
Microbial pattern recognition
Since macrophages need to recognize a plethora of foreign microbes rapidly, they express a diverse repertoire of receptors that bind conserved microbial molecular patterns. These receptors have evolved to recognize molecular patterns that have remained unchanged over the evolution of the microbes. Signalling that is initiated as a result of these pattern recognition receptors increases the macrophages antimicrobial abilities. To provide a fast response against microbe invasion, mammals have developed an early immune response defined as the innate response, which does not provide a long-lasting protection, but is an essential first line of defence against bacterial pathogens.
Pathogen-Associated Molecular Patterns (PAMPs) and receptors
Since unchangeable molecular patterns, such as the bacterial cell wall, is essentially conserved across Gram-positive and Gram-negative bacteria, eukaryotic organisms evolved specific receptors which recognize these molecular patterns. These specific receptors are encoded by germlines and termed pattern recognition receptors (PRRs) (Ishii et al., 2008) . Recognition of Pathogen-Associated Molecular patterns (PAMPs) stimulates intracellular signalling leading to gene expression and ultimately the activation of antimicrobial and inflammatory activities. Therefore, the innate response exerts two functions: (a) a rapid line of defence against pathogens, and (b) the initiation of a signalling process leading to the development of adaptive immune responses and the establishment of an immunological memory.
To avoid detection by macrophages, some bacteria have evolved to modify their cellular surface and avoid the stimulation of receptors on phagocyte membranes. For example, many Gram-negative bacteria can alter their lipopolysaccharide structure during infection, to avoid recognition or to protect themselves from antibacterial products generated by the host, such as antibacterial peptides. In parallel, the innate recognition of microbes activates a cascade of kinase reactions, which in turn, will activate a cellular response capable of eliminating the invading microorganism. Since this innate immune response can be accompanied by tissue damage, tissue repair mechanisms are also activated (Medzhitov, 2008) . In addition, the activation of transcription factors represents the culmination or endpoint of many signal transduction pathways activated in response to microbial recognition. These transcription factors can access the nucleus and bind to specific DNA sequences activating gene transcription upon binding to the respective promoters or, as in the case of the IFN-B promoter, activating different transcription factors such as nuclear factor kappa B (NF-kB), interferon (IFN)-regulatory factors (IRFs) and AP-1 (Honda & Taniguchi, 2006) .
Most PRRs able to recognize bacterial patterns are Toll-like receptors (TLRs) and nucleotidebinding oligomerization domain containing proteins (NOD)-like receptors (NLRs) ( Table 2 ). TLRs are transmembrane receptors able to recognize PAMPs in the extracellular space and in the cytoplasm or endosomes. In humans, ten TLRs have been identified (Takeuchi & Akira, 2010) . Structurally, TLRs comprise of a single membrane-spanning domain separating the cytoplasmic domain involved in signalling from the recognizing receptor able to bind the ligand. The extracellular domain is involved in PAMP recognition, whereas the cytoplasmic domain is essential for downstream signalling (O'Neill & Bowie, 2007) . TLRs are highly expressed by professional phagocytes such as macrophages and dendritic cells, but can also be expressed by other cell types, such as epithelial cells (Iwasaki & Medzhitov, 2004) .
NLRs consist of an N'-terminal effector domain, responsible for downstream signalling and a C'-terminal region similar to TLRs, which are involved in the PAMP recognition . NOD1 and NOD2 are the best-characterized NLRs and are involved in the detection of intracellular bacteria (Chamaillard et al., 2003; Girardin et al., 2003) . For instance, peptidoglycans (PGNs) are structural units of cell walls common to all bacteria (Gay & Gangloff, 2007) . Degradation of PGNs leads to the release of several structural units including muramyl dipeptide, which is sensed in the cytosol by the NLR NOD2, which in turn activates NF-κB. Table 2 . Receptors involved in bacterial pattern recognition
PAMP

Major signalling pathways involved in host-pathogen interaction
Upon the perception of bacterial patterns, the immune response activates an intricate and complex network of kinases, which will ultimately result in the transcription of genes. The products of these genes will generate the immune response. Then, PRRs are able to activate a sequence of three major signalling pathways in mammals: mitogen-activated protein kinases (MAPKs), IRFs, and the nucler factor NF-kB, which will culminate in the transcription and release of proteins involved in the immune response.
The MAPKs are a group of protein serine/threonine kinases that are activated in mammalian cells in response to a variety of extracellular stimuli and mediate signal transduction from the cell surface to the nucleus where they can alter the phosphorylation status of specific transcription factors (Johnson & Lapadat, 2002) . Three major types of MAPK pathways have been reported so far in mammalian cells. The extracellular signalrelated kinases (ERKs 1 and 2) pathway is involved in cell proliferation and differentiation, whereas the c-Jun N-terminal kinases (JNKs 1, 2 and 3), and p38 MAPK (p38 , , and ) pathways are involved in response to stress stimuli. These three factors -ERK, JNK and p38-dictate the fate of cells in concert (Johnson & Lapadat, 2002) . As an illustration, TLR4 recognizes lipopolysaccharides (LPSs) of Gram-negative bacteria. Then, when TLR4 recognizes this pattern, an activation of the MAPKs' cascade is initiated. At the onset of this process, the cytoplasmic TIR domain of TLR4 mediates the activation of the cascade through the four adaptor proteins: (a) myeloid differentiation primary response protein 88 (MyD88), (b) TIR-domain-containing adaptor inducing IFN-B (TRIF), (3) TRIF related adaptor, and (4) MyD88-adaptor-like (Mal) (Fitzgerald et al., 2001 (Fitzgerald et al., , 2003 Yamamoto et al., 2003a; 2003b) . Upon activation, these adaptor proteins communicate the signal via the kinases IL-1 receptor associated kinase (IRAK)-4, IRAK-1/2, and RIPI, which in collaboration with TNF receptor-associated factor (TRAF) 6, activate transforming growth factor B-activated kinase (TAK) 1 in association with TAB2/3, through a mechanism dependent on the E3 ubiquitin ligase activity of the TRAF molecules (Akira & Takeda 2004; Kawagoe et al., 2008 , Sato et al., 2005 . TAK1 activates IkB kinase (IKK)-alfa/beta to release NF-kB from the inhibitory subunit of IkB, as well as MAPKs (Sato et al., 2005) .
Phagocytosis and intracellular survival
Upon infection, bacterial pathogens interact with host membranes through different mechanisms. The interaction between the bacterium and the host plasma membrane (and its embedded receptors) results in the activation of multiple host-signalling pathways that can alter actin cytoskeleton dynamics or vesicle trafficking. Three membrane-associated signalling events are targeted by bacterial pathogens: phosphoinositide (PI) metabolism, GTPase signalling and autophagy.
Avoiding phagocytosis
Some bacteria evolved to remain in the extracellular milieu to avoid being killed within the macrophage. This advantage also minimizes bacteria-macrophage interactions and as a consequence, the macrophage signalling required to activate an adaptive immune response is impaired. To avoid their engulfment, extracellular pathogens have to interfere with phagocytosis. One of the best study pathogens is Yersinia, which interferes with phagocytosis by a set of virulence proteins with an array of enzymatic activities that is delivered into macrophages. Some of the bacterial proteins interfere with the signal transduction of macrophages. For instance, YopH is a protein tyrosine phosphatase that targets host focal adhesion proteins, such as p130cas, paxillin, and focal adhesion kinase (FAK). Then, by dephosphorylating these substrates, YopH prevents uptake of bacteria by the host immune cells by destabilizing the focal adhesions involved in the internalization of bacteria by eukaryotic cells (Black et al., 1997) , and allowing the pathogen to proliferate extracellularly. Yersinia also secretes YopE, a GTPase-activating protein that inactivates the small GTPases RhoA, Rac, and Cdc42 to prevent the actin polymerization that is required for phagocytosis (von Pawel-Rammingen, 2000) . YopT is a papain-like cysteine protease that cleaves the lipid moiety of RhoA to depolymerize actin filaments, leading to their irreversible detachment from the plasma membrane and their inactivation (Shao et al., 2002) . Thus, YopT contributes to the inhibition of bacterial phagocytosis by preventing rearrangements of the actin cytoskeleton. Yersinia also secretes the kinase YpkA into the host cytoplasm, where it phosphorylates specific proteins to prevent bacterial uptake and the killing by macrophages (Hakansson et al., 1996) . Finally, YopO, a serine/threonine kinase activated by actin, contributes to the antiphagocytic activity in Y. enterocolitica by binding to Rho GTPases (Grosdent et al., 2002) .
Other microorganisms such as enteropathogenic Escherichia coli (EPEC), target a different signalling pathway by secreting an unidentified bacterial protein into macrophages to inhibit the activity of phosphatidylinositol 3-kinase (PI3K) (Celi et al., 2001) . Although pathogens that subvert macrophage phagocytic signalling remain outside the cell to avoid phagolysosomal degradation, they still have mechanisms to cope with extracellular defences, such as killing by complement or antimicrobial peptides (Wurzner, 1999) .
Modulating the interacting membrane by disruption of PI signalling
PIs are key players in maintaining cell membrane structure by regulating the actin cytoskeleton underneath the plasma membrane and by tagging and targeting vesicles inside the cell. The disruption of PI homeostasis at the plasma membrane can destabilize actin dynamics changing membrane morphologies, and then intracellular pathogens can modulate the membrane integrity.
The inositol phosphate phosphatase IpgD is an effector from the facultative intracellular pathogen Shigella flexneri that is directly translocated into host cells through a type III secretion system (Niebuhr et al., 2000) . IpgD hydrolyses PI(4,5)P2 to produce PI5P, at an early stage in the infection (Niebuhr et al., 2002) . The removement of PI(4,5)P2 causes a rearrangement in the cytoskeleton by changing the extent of interaction of membrane visualized as a massive cell blebbing, facilitating the invasion of bacteria (Charras & Paluch, 2008) .
Listeria invasion is mediated by interaction of the bacterial surface protein InlB with the host receptor Met receptor tyrosine kinase (Shen et al., 2000) . InlB-Met interaction triggers activation, by tyrosine phosphorylation, of the Met receptor and subsequent rearrangements in the actin cytoskeleton of the mammalian cell (Mostowy & Cossart, 2009 ). Ultimately, these cytoskeletal changes remodel the host cell surface, resulting in the engulfment of adherent Listeria. The human GAP ARAP2 is required for InlB-mediated cytoskeletal changes and entry of the pathogen. ARAP2 is known to bind PI(3,4,5)P3, resulting in upregulation of a GAP domain that inactivates the mammalian GTPase Arf6 (Wong & Isberg, 2003) . Then, one of the likely ways that PI3-kinase controls entry of Listeria is through regulation of ARAP2. In addition, cholesterol-rich lipid rafts at the plasma membrane are needed for InlB-mediated uptake of Listeria (Seveau et al., 2004) .
Small GTPases Sar1, Rab1 and Arf1 are required for the Legionella-containing vesicles to acquire vesicle trafficking protein Sec22b (Kagan & Roy, 2002) . Legionella secretes the effectors DrrA/SidM and LepB, which impaire the recruitment of Rab1 (Ingmundson et al., 2007) . The association of these secreted effectors with the Legionella-containing vesicles surface is mediated by their affinity for the abundant lipid PI4P on the Legionella-containing vesicles surface (Brombacher et al., 2009; Ragaz et al., 2008) .
SopB, a type III secretion system effector from Salmonella typhimurium, is a PI phosphatase that affects multiple processes during the course of infection, including bacterial invasion, Salmonella-containing vesicle formation and maturation (Hernandez et al., 2004) . SopB hydrolyses PI(4,5)P2 both at the plasma membrane and on the Salmonella-containing vesicle membrane surface (Bakowski et al., 2010) . Decreased levels of PI(4,5)P2 at the plasma membrane promote membrane fission by reorganizing the actin cytoskeleton during bacterial internalization (Mason et al., 2007) .
SopB also mediates the production and maintenance of high levels of PI3P on the Salmonellacontaining vesicle surface through an indirect effect of its phosphatase activity. SopB recruits Rab5 and its effector VPS34, a PI3-kinase (that generates PI3P), to the Salmonellacontaining vesicle through a process that is dependent on the reduction of PI(4,5)P2 (Mallo et al., 2008) . Then, by manipulating the lipid composition of the Salmonella-containing vesicle, SopB impairs the recruitment of Rabs avoiding lysosomal degradation.
Surviving and living within the host
The ability to survive intracellularly is crucial for several pathogenic bacteria after they invade their eukaryotic target cells. Following engulfment by macrophages, bacteria are internalized within a membrane-bound vacuole termed a phagosome. Phagosomes are pivotal organelles in the ability of mammalian cells, including professional and nonprofessional phagocytes, to restrict the establishment and spread of infectious diseases.
Rapidly after their formation, phagosomes modify their composition by recycling plasma membrane molecules, and by acquiring markers of the early endocytic pathway such as Rab5 and EEA1 (Steele-Mortimer et al., 1999) . Phagosomes have been shown to fuse sequentially with endosomes of increasing age or of increasing maturation level (Jahraus et al., 1994) . A variety of Rab proteins have been identified on phagosomes, including Rab5, Rab7, and Rab11 Cox et al., 2000) .
Under normal circumstances, the phagosome progressively acidifies and ultimately, in a tightly regulated process, will fuse with the lysosome, in an event known as phagosomelysosome (phagolysosome) fusion.
The process of phagocytosis itself determines some of the characteristics of the first compartment in which pathogens are going to reside within the host cells. Newly formed phagosomes are immature organelles unable to kill and degrade microorganisms. In order to acquire and exert their microbicidal function, phagosomes must engage in a maturation process referred to as phagolysosome biogenesis. Then, to successfully invade and replicate intracellularly, pathogens must find ways to avoid the harsh environment of lysosomes, organelles containing an arsenal of potent microbicidal compounds. Therefore, the final goal of the majority of intracellular pathogens is to prevent their arrival to lysosomes, where their killing is dictated.
While the majority of bacteria grow outside of eukaryotic cells, some bacteria are facultative or even obligate intracellular pathogens; such is the case with L. monocytogenes, Mycobacterium tuberculosis, and Chlamydia trachomatis. Bacterial replication, therefore, takes place in the endosomal compartments, or in the case of Listeria in the cytoplasm due to a mechanism of escape from the phagosomes.
The life style of cytosolic bacteria can be divided into three main stages: (a) escape from the phagosome, (b) replication within the cytosol, and (c) manipulation of the innate immune responses triggered in the cytosol. The escape from the phagosome is a crucial step in the life cycle of cytosolic pathogens. This occurs rapidly following invasion, and most pathogens are detected free in the cytosol within 30 minutes of invasion. In order to evade the lysosome, a process lasting between 30-45 minutes post-engulfment (Yates et al., 2005) , pathogens must escape before the fusion with lysosomes (Haas, 2007) .
Disruption of MAPK signalling pathways
MAPK signalling is crucial for many responses to infection, representing a strategic target for bacterial subversion strategies. The extent of MAPK phosphorylation (kinase signalling kinetics) may influence the responses of macrophages. For instance, the duration of signalling through MAPK pathways determines whether a macrophage proliferates or activates in response to a stimulus (Velledor et al., 2000) . Likewise, modification of MAPK pathways by bacteria may contribute to induction of host cell death, which is an important feature of bacterial pathogenesis, promoting bacterial tissue colonization.
In the case of S. enterica serovar Typhi, the tyrosine phosphatase SptP, a translocated protein from the pathogen within the host, inhibits the activation of the MAPK pathway by dephosphorylating Raf, an intermediate in this pathway (Lin et al., 2003) .
A way to alter the MAPK pathway is the degradation of members involved in the response cascade. For example, Bacillus anthracis interrupts several MAPK signalling pathways by proteolytically degrading all MAPK kinases (MAPKKs) except MAPKK5. This interference is mediated by the delivery of a metalloproteinase to the cytosol, where it deactivates MEK1 by cleaving between its amino terminus and catalytic domain. Cleavage of the MAPKK that activates p38 MAPK, which is mediated by lethal factor, induces macrophage apoptosis, possibly by interfering with the p38-dependent expression of NF-κB target genes that are necessary for cell survival (Park et al., 2002) .
Other pathogens interfere by blocking or inhibiting post-translational modifications, such as prevention of phosphorylation. Members of the genus Yersinia use an alternative mechanism to disrupt MAPK signalling and, as a result of this disruption, the downstream activation of NF-κB in macrophages is impaired. Specifically, Y. pseudotuberculosis delivers YopJ, a cysteine protease, which inhibits kinase activity by preventing phosphorylation (Orth et al., 1999) . YopJ also interferes with the post-translational modification of proteins that are involved in MAPK signalling by disturbing the ubiquitin-like protein SUMO-1, and then inhibiting its conjugation to target proteins for degradation (Orth et al., 2000) .
In conclusion, pathogens can modify the antibacterial response of macrophages not only towards a targeted kinase pathway, but also by the timing of the activation or inhibition.
An important downstream response of normal macrophage signalling is the production of cytokines. Cytokines are essential for modulation of inflammation, recruitment of other cells to the site of infection, and mediation of the link between innate and adaptive immune responses. As mentioned above, macrophages must control signalling that leads to inflammatory responses tightly, to avoid an inflammation dysregulation. One level of control is to regulate the intensity and duration of signalling, which often originates from TLRs. For example, the macrophage protein IRAK-M has a pivotal role in downregulating macrophage responses to LPS by inducing tolerance. Without IRAK-M, Salmonella infection causes increased tissue damage (Kobayashi et al., 2002) . Another level of control is the balance between proinflammatory cytokines, such as TNF- and IL-12, and predominantly anti-inflammatory cytokines, such as IL-10 and transforming growth factor-(TGF-), which are produced during infection. Bacterial pathogens target signalling that leads to the expression of cytokine genes or their post-translational modifications that perturb the balance of cytokines to their advantage. Macrophages and bacteria can therefore both control the extent of the immune response through cytokine production.
One effector protein secreted intracellularly by Shigella is OspF, which possesses phosphothreonine lyase activity. Once translocated into the nucleus, OspF irreversibly dephosphorylates host MAPKs, and therefore prevents the phosphorylation of histone H3 (Li et al., 2007; Arbibe et al., 2007) . Interestingly, other bacterial virulence factors, such as SpvC from S. typhimurium possess the same phosphothreonine lyase activity as OspF and also target MAP kinases of their hosts (Mazurkiewicz et al., 2008) . In addition to these factors, the Yersinia YopJ/P effector can inactivate host MAP kinases by catalyzing their acetylation (Mittal et al., 2006; Mukherjee et al., 2006) . Finally, the anthrax lethal factor, a subunit of the anthrax toxin encoded by B. anthracis, cleaves host MAP kinases, leading to their irreversible inactivation (Turk, 2007) .
Helicobacter pylori has been reported to activate MAPK3 enzymes (Asim et al., 2010) . When invading the human-derived monocyte cell line THP-1, H. pylori-stimulates the extression of IL-18 that was reduced by either ERK or p38 inhibitors (Yamauchi et al., 2008) . Inhibition of ERK and, to a greater degree, inhibition of p38 have been shown to reduce H. pyloristimulated IL-8 expression in THP-1 cells (Bhattacharyya et al., 2002) . Taken together, these studies suggested that at least MAPKs are involved in biological effects of H. pylori infection in macrophages.
Disruption of interferon signalling
Macrophages possess a robust tyrosine kinase signalling network that includes the Janus kinase (JAK) and the signal transducer and activator of transcription (STAT). Both pathways are activated as a result of IFN binding to their receptors on the cell surface. IFN-amplifies the antibactericidal activity of macrophages (Boehm et al., 1997) by activating various enzymes within the macrophage that increase the production of damaging reactive oxygen and nitrogen species, starve the bacteria of tryptophan within the phagolysosome, and increase lysosomal degradation of the bacteria. In addition, IFN-enhances the adaptive response of the organism by increasing the Major Histocompatibility Complex (MHC) class I and II antigen presentation and synthesis of cytokines such as IL-12 and TNF- (Shtrichman & Samuel, 2001 ). In conclusion, the IFN-signalling network allows macrophages to respond more rapidly to bacterial infection. Bacterial impairment of IFN-signalling is best characterized in macrophages infected by Mycobacteria species. M. avium infection causes a decreased transcription of the IFN-receptor leading to impaired downstream STAT activation (Hussain et al., 1999) . M. tuberculosis uses an uncharacterized mycobacterial surface component to affect a later step in IFN-signalling. Although STAT phosphorylation, dimerization, nuclear translocation and DNA binding is intact in M. tuberculosis-infected macrophages, there is still a decrease in the association of STAT with transcriptional co-activators, causing an impaired transcription of IFN--responsive genes (Ting et al., 1999) .
Disruption and amplification of NF-κB signalling
NF-κB signalling relies on the targeting of its inhibitor IκB. As a result of binding to IκB, NF-κB avoid translocation from the cytosol to the nucleus where it activates gene transcription.
Inhibition of NF-κB signalling leads to the decreased release of proinflammatory cytokines, such as TNF-, and increased apoptosis, both of which can protect pathogens from the immune response.Virulence proteins secreted by pathogens such as Y. enterocolitica bind to the IKK to prevent the phosphorylation of IκB, which is essential for its degradation, thereby trapping NF-κB in the cytosol and avoiding its gene target interactions (Schesser et al., 1998) . M. ulcerans inhibits nuclear translocation of NF-κB independently of IκB, possibly by altering the phosphorylation of NF-κB or interfering with its DNA-binding ability (Pehleven et al., 1999) .
On the other hand, pathogens can use an opposite strategy by actively increasing the NF-κB activity. In this way, the production of proinflammatory cytokines can recruit more host cells to the site of infection, facilitating the bacterial spread. For instance, listeriolysin O and InlB, two virulence proteins secreted by L. monocytogenes, activate NF-κB in a PI3K-dependent manner. As a result of an increase in the inflammatory response, pathogens spread by recruiting more monocyte to the site of infection (Kayaal et al., 2002) . Another advantage for the pathogen is a protective environment because of the anti-apoptotic signalling activated by NF-κB.
L. monocytogenes secretes InlC intracellularly, which directly interacts with the IKKa protein to block the phosphorylation of IkBa (Gouin et al., 2010) . Similarly, YopJ/P, an effector produced by pathogenic Yersinia species, mediates the acetylation of the IKKa and b proteins, which prevents their activation and subsequent IkBa phosphorylation (Mittal et al., 2006) .
The effectors NleH1 and NleH2 of the enterohaemorrhagic E. coli (EHEC) are autophosphorylated serine/threonine kinases translocated by the pathogen. Both effectors b i n d d i r e c t l y t o R P S 3 , a N F -κB non-Rel subunit. Although autophosphorylated, their binding to RPS3 is independent of kinase activity (Gao et al., 2009 ).
Disruption of small GTPase signalling
After initial attachment to the host cell membrane, many pathogens Gram-negative bacteria use a type III secretion system to inject virulence proteins into the host cell cytoplasm (Ghosh, 2004) . A number of injected proteins bind directly to actin to modulate its dynamic leading to changes in the organization of the actin cytoskeleton (Patel & Galan, 2005) by regulating small GTPases. In a variety of pathogens, a family of conserved type III secreted proteins influences the actin cytoskeleton dynamic by mimicking the GTP-bound form of the Rho GTPases (Alto et al., 2006) . These proteins, which share no obvious sequences homology with Rho GTPases, use a conserved WxxE motif to directly activate downstream effectors of Cdc42, Rac1, and Rho (Alto et al., 2006) .
Several bacterial pathogens also use the type IV secretion systems to inject effector proteins into the cytoplasm of host cells (Cascales & Christie, 2003; Galan & Wolf-Watz, 2006) . After translocation, these effectors target various components of eukaryotic signal transduction pathways, which subvert host cell functions for the benefit of the pathogen.
Rho-family GTPases, such as Rho, Rac1, and Cdc42, regulate actin dynamics by induction of actin, lamellipodia, and filopodia formation, respectively. Inactivation of these GTPases leads to a decrease in F-actin and increase in monomeric actin (G-actin), resulting in loss of cell shape, motility, and ability to phagocytose or endocytose pathogens.
S. typhimurium manipulates this members using the effectors SopE and SptP. SopE acts as a GEF for Cdc42 and Rac1, whereas SptP acts as a GAP for Cdc42 and Rac1 (Fu & Galan, 1999) . SopE is translocated into the cell to induce actin rearrangement and membrane disruption to facilitate pathogen entry into the cell and formation of Salmonella-containing vesicles, while SptP disrupts these actin filaments to restore actin organization in the cell (Hardt et al., 1998) . SptP possesses both a GAP and tyrosine phosphatase activities (Fu & Galan, 1999) . It disrupts the actin cytoskeleton by binding to Rac1 and catalysing the hydrolysis of GTP to GDP. Although SopE and SptP are antagonists, they are coordinately regulated. While SopE acts early in the infection to facilitate the uptake of the pathogen, SptP disasssembles F-actin organization, allowing the pathogen to proliferate in the vesicle (Kubori & Galan, 2003) .
IpgB1, a type III secretion system effector of S. flexneri, binds to the host cell engulfment and cell motility ELMO-DOCK180 complex activating Rac1 (Handa et al., 2007) . As a result, IpgB1 increases infection efficiency. Another effector secreted by the same pathogen, IpgB2, induces membrane disruption by mimicking the Rho-GEF (Klink et al., 2010) .
The effectors YopE and YopT secreted by Yersinia inhibit actin rearrangements by inactivating host Rho GTPases. YopE is known to act as a GAP (Black & Bliska, 2000) inhibiting RhoA, Rac-1 and Cdc42 by accelerating the conversion of the GTP-bound form of the Rho GTPase to the GDP-bound inactive form. The GAP activity of YopE is also needed to prevent the formation of pores generated by insertion of the translocation machinery in the host cell plasma membrane (Viboud & Bliska, 2001) . YopT has been found previously to inhibit Rho GTPases by releasing them from the membrane (Zumbihl et al., 1999) . YopT acts as a cysteine protease that cleaves the prenyl group of lipid-modified Rho GTPases (Shao et al., 2002) .
The effector SidM from L. pneumophila targets Rab1 proteins involved in ER-Golgi transport. SidM is a bifunctional enzyme; the C'-terminus possesses a RAB/GEF activity, whereas the N'-terminus catalyses AMPylation. Then, SidM catalyses the exchange of GDP for GTP by changing the conformation of Rab1 residues that are important for nucleotide stabilization (Murata et al., 2006) . AMPylation induces cell rounding and shrinkage, which contribute to the disruption of cell homeostasis and to cytotoxicity (Muller et al., 2010) . SidM is localized to the membrane through its interaction with PI4P (see above), and recruits Rab1/GTP to the Legionella-containing vesicles, mimicking a Rab1/GEF and delaying GAP activity by AMPylation. SidM-mediated Rab1 activation and recruitment to the Legionella-containing vesicles promotes fusion of ER-derived vesicle with the Legionella-containing vesicles. Another L. pneumophila effector is LepB, that functions as a GAP for Rab1 (Ingmundson et al., 2007) , inactivating the GTPase and releasing it from the Legionella-containing vesicles, promoting ist fusion with the ER. During the initial phase of infection, L. pneumophila resides in the ER-derived vesicle that interacts with the secretory pathway, whereas during the later stages of infection, when bacterial replication occurs, these vesicles acquire lysosomal markers (Sturgill-Koszycki & Swanson, 2000) .
A unique infection model: Mycobacterium tuberculosis
The infection of a macrophage by M. tuberculosis is complex, and since a variety of pathways are orchestrated by the pathogen, a separated section is dedicated to analyze this pathogen.
M. tuberculosis is able to survive, reside, and multiply in macrophages as an intracellular parasite, circumventing all defence pathways of the host. The hallmarks of Mycobacterium infection are (a) the manipulation of phagolysosome maturation Hestvik et al., 2005) , (b) the prevention of antigen presentation (Moreno et al., 1988) , (c) a decrease in stimulators of apoptosis (Balcewicz-Sablinska et al., 1998) , (d) alteration of IFN- activity (Sibley et al., 1988) , and (e) modulation of MAPK and JAK/STAT signalling pathways .
Upon internalization by macrophage phagocytosis, M. tuberculosis is able to arrest phagolysosome fusion (Pethe et al., 2004) and modulate other macrophage defences to promote its survival (Gan et al., 2008) . Arrested M. tuberculosis-containing phagosomes are characterized by the presence of Rab5a, but the recruitment of its effectors, such as EEA1 and hVPS34, is impaired (Fratti et al., 2001) . M. tuberculosis uses a range of protein and lipid effectors to alter the PI(3)P signalling (Vergne et al., 2005) and the concentration of cytosolic Ca 2+ , both events essential for the proper phagosomal maturation (Jaconi et al., 1990) . The mycobacterial mannosylated lipoarabinomanan (Man-LAM), a shed component of the cell wall, is distributed throughout the endocytic network (Beatty et al., 2000) , preventing the increase in cytosolic [Ca 2+ ], a process necessary for phagocytosis upon activation of hVPS34 by calmodulin (Vergne et al., 2003) . Inhibition of the PI3K pathway by Man-LAM also blocks the delivery of lysosomal proteins, such as hydrolases (e.g. cathepsin D) and the membrane-docking fusion protein syntaxin 6, from the trans-Golgi network to phagosomes (Fratti et al., 2003) . In addition, the pathogen further impairs cytosolic Ca 2+ flux by inhibiting sphingosine kinase, which converts sphingosine to sphingosine-1-phosphate, which in turn promotes Ca 2+ efflux from the endoplasmic reticulum (Malik et al., 2003) . M. tuberculosis also produces the phosphatase SapM, which has been shown to specifically inhibit hydrolysis of PI(3)P in vitro (Vergne et al., 2005) . These findings indicate that Man-LAM blocks phagosome maturation by inhibiting a signalling cascade based on [Ca 2+ ], calmodulin, and PI3K. Mycobacterial phagosomes also recruit early phagosomal proteins such as coronin-1 (Ferrari et al., 1999) , but avoid acidification as the bacteria specifically exclude the vesicular proton ATPase from the phagosomal membrane (Sturgill-Koezycki et al., 1994 , Wong et al., 2011 .
Macrophages infected with harmful bacteria activate their own apoptotic program when the infected cell cannot resolve its infection. However, many bacterial pathogens alter host apoptotic pathways (Spira et al., 2003) . Mycobacteria-induced macrophage apoptosis is a complex mechanism that is modulated by mycobacterial virulence factors (Nigou et al., 2002) . Ca 2+ is thought to facilitate apoptosis by increasing the permeability of mitochondrial membranes, and then promoting the release of pro-apoptotic factors such as cytochrome c (Szalai et al., 1999) . Interestingly, Man-LAM also stimulates the phosphorylation of the apoptotic protein Bad, preventing it from binding to the anti-apoptotic proteins Bcl-2 and Bcl-XL (Maiti et al., 2001 ).
Pro-inflammatory cytokines, such as IL-1, IL-6, TNF-, and IFNs, are able to induce a cellular innate immune response when macrophages sense invading bacteria.
The activation of MAPK signalling in macrophages that are infected with non-pathogenic mycobacteria leads to the synthesis of various microbicidal molecules, including TNF-, which mediate antibacterial and inflammatory immune responses (Roach & Schorey, 2002) . These observations are supported by a study that demonstrated that the secretion of TNF- by macrophages infected with M. avium is dependent on MEK1 and ERK1 and 2 activation (Reiling et al., 2001) . A high level of TNF- is a crucial factor for controlling primary infection, as it induces the expression of other pro-inflammatory cytokines, such as IL-1, and of several chemotactic cytokines, which attract immune cells to the site of infection.
Tyrosine phosphorylation of JAK and STAT has been shown to be essential for the antibacterial response of macrophages (Decker et al., 2002) . Pathogenic mycobacteria have evolved mechanisms to suppress the IFN-and JAK/STAT signalling pathways (Hussain et al., 1999) by mechanisms not yet elucidated.
Surprisingly, two protein tyrosine phosphatases PtpA and PtpB are annotated in the genome sequence of M. tuberculosis (Cole et al., 1998) . The presence of such proteins is interesting, since their partners, protein tyrosine kinases, are not predicted from the genome sequence, which suggests they play a role in the survival of the pathogen in host macrophages. The role of PtpA has been elucidated (Bach et al., 2008) . This phosphatase is secreted within human macrophages upon infection and translocates into the cytosol to dephosphorylate VPS33B, an ubiquitously expressed protein essential for vesicle trafficking. Then, by dephosphorylating VPS33B, the pathogen prevents the maturation of the phagosome. Interestingly, a study reported the first protein tyrosine kinase, PtkA, in M. tuberculosis (Bach et al., 2009 ). This tyrosine kinase phosphorylates PtpA . although the role of this activity remains to be elucidated. The second protein tyrosine phosphatase annotated in the M. tuberculosis genome is PtpB. Interestingly, PtpB orthologs are restricted to pathogenic Mycobacteria. It has been reported that PtpB blocks the ERK1 and 2 pathways in murine macrophages, but its mechanism has not yet been elucidated (Zhou et al., 2010) .
Another virulence protein secreted by M. tuberculosis is the protein kinase G. Although this protein has been shown to participate in the inhibition of phagolysosome fusion in M. bovis strain BCG (Walburger et al., 2004) , its mechanism has not yet been elucidated.
Conclusion
In this chapter, the mechanisms through which virulence proteins and conserved microbial structures can initiate macrophage signalling were discussed. Macrophages can use specific receptors and common signalling pathways to integrate this information to mount an immunological response, but they are still vulnerable to subversion by bacterial pathogens that can interfere with crucial kinase, trafficking or transcriptional networks. However, there are redundancies in macrophage signalling pathways, and the recent discovery of a cytosolic detection system in macrophages is a good example of how avoiding one component of a macrophage's arsenal makes pathogens vulnerable to another. It seems that the combination of mechanisms that a pathogen has to modify specific macrophage signalling cascades dictates their most successful niche.
Genome sequencing projects have identified an overwhelming number of host and bacterial genes that encode proteins with unknown functions. The characterization of the biological functions of these proteins will probably add to the ever-increasing number and diversity of strategies that are used by macrophages to detect and contain the invaders and by bacterial pathogens to subvert and evade host responses.
Finally, the development of new technologies, such as improvements in mass spectrometry techniques, will undoubtedly increase the currently known post-translational modification and facilitate the understanding of their roles in host-pathogen interactions. Identifying pathogen-encoded enzymes that catalyze specific post-translational modification critical for infection will provide valuable new targets for drug development. Indeed, the selective inhibition of these enzymes may constitute a promising strategy to contain and restrict the proliferation of pathogens. However, only few interaction partners have been identified so far. Systematic mapping of protein-protein interactions can provide valuable insights into biological systems. However, current large-scale screening methods fail to provide information about these interactions.
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